Introduction
============

Silicon dioxide exists in either crystalline or amorphous forms.[@b1-ijn-9-2779] It is well established that occupational inhalation exposure to crystalline silica causes silicosis, which can progress even after the end of occupational exposure. An association of crystalline silica exposure and silicosis, as well as lung cancer, chronic obstructive pulmonary disease, and pulmonary tuberculosis, have been recently reported.[@b2-ijn-9-2779] The development of nanotechnology has raised new interest in the use of amorphous silica in biomedical, pharmaceutical, and many other industrial applications. Amorphous silica nanoparticles (SiNPs) are being applied increasingly in industrial manufacturing, high-molecule composite materials, cosmetics, and foodstuffs.[@b1-ijn-9-2779] Moreover, SiNPs are being developed for a host of biomedical and pharmaceutical applications such as drug delivery, cancer therapy, imaging probes, biosensors, and enzyme immobilization.[@b1-ijn-9-2779]

Accidental contact during production or use of nanoparticles is likely to happen via different routes such as skin penetration, ingestion, or inhalation.[@b3-ijn-9-2779],[@b4-ijn-9-2779] Even after inhalation, nanoparticles have been reported to rapidly translocate to the systemic circulation and reach different organs.[@b5-ijn-9-2779]--[@b8-ijn-9-2779] Moreover, with medical applications, injected nanoparticles can be distributed by the bloodstream and affect vascular homeostasis.[@b1-ijn-9-2779] Therefore, studies on the effects of nanoparticles on vascular homeostasis are relevant and much needed.

There is a growing body of evidence that amorphous SiNPs can cause toxic and inflammatory effects due to their unique physicochemical profile. A concentration-dependent cytotoxicity of SiNPs on endothelial cell line EA.hy926, epithelial cell line A549, and monocyte-macrophages J774 has been previously reported.[@b9-ijn-9-2779],[@b10-ijn-9-2779] SiNPs have been reported to induce cytotoxicity and inflammatory responses in vitro in a co-culture model of the alveolar--capillary barrier.[@b11-ijn-9-2779] There is evidence that SiNPs can induce impairment of proliferative activity and proinflammatory stimulation of endothelial cells in vitro.[@b12-ijn-9-2779] Exposure to SiNPs induces protein expression of the adhesion molecules intercellular adhesion molecule 1 and vascular cell adhesion molecule 1.[@b13-ijn-9-2779] Moreover, Corbalan et al[@b14-ijn-9-2779] demonstrated that SiNPs penetrate the plasma membrane of endothelial cells and stimulate nitric oxide release in vitro. Subsequently, the same group has shown that exposure of human platelets in vitro to amorphous SiNPs induces a low \[NO\]/\[ONOO^−^\] ratio leading to platelet aggregation.[@b15-ijn-9-2779] A study reported that SiNPs can significantly augment proinflammatory and procoagulant responses through CD40-CD40L-mediated monocyte-endothelial cell interactions, which suggests that cooperative interactions between SiNPs, endothelial cells, and monocytes may trigger cardiovascular dysfunction such as atherosclerosis and thrombosis.[@b16-ijn-9-2779] It has been demonstrated that intratracheally instilled SiNPs are able to cross the alveolar--capillary barrier and cause systemic effects.[@b17-ijn-9-2779] We have previously demonstrated that pulmonary exposure to crystalline silica activates circulating platelets and enhances peripheral thrombosis in hamsters.[@b18-ijn-9-2779] However, the possible effects of amorphous SiNPs on thrombosis in vivo and its link to systemic inflammation have not, as far as we are aware, been reported.

In the present study, we assessed the in vivo size (50 nm and 500 nm) effects of SiNPs (0.5 mg/kg) on a comprehensive set of indices related to vascular homeostasis, including in vivo thrombosis in pial venules in mice and systemic markers of inflammation, oxidative stress, and fibrinolysis. Moreover, the in vitro dose-effects of SiNPs were also assessed on mouse platelet aggregation, cell viability in human umbilical vein endothelial cells (HUVEC), and endothelium-dependent relaxation of isolated small mesenteric arteries of rats.

Materials and methods
=====================

Amorphous SiNPs
---------------

Amorphous SiNPs of two different sizes (50 nm and 500 nm) were purchased from Polysciences, Inc. (Warrington, PA, USA). Their structure, shape, size, and charge were recently analyzed.[@b14-ijn-9-2779],[@b15-ijn-9-2779]

Animals and intraperitoneal administration of amorphous SiNPs
-------------------------------------------------------------

This project was reviewed and approved by our Institutional Review Board and experiments were performed in accordance with protocols approved by the Institutional Animal Care and Research Advisory Committee.

SiNPs were suspended in normal saline (NaCl 0.9%) containing Tween 80 (0.01%). To minimize aggregation, particle suspensions were always sonicated (Clifton Ultrasonic Bath; Clifton, NJ, USA) for 15 minutes and vortexed before their dilution and prior to intraperitoneal (IP) administration.

Male Tuck-Ordinary mice (HsdOla:TO; Harlan Laboratories UK, Ltd., Bicester, UK) were housed in light (12 h light:12 h dark cycle) and temperature-controlled (22°C±1°C) rooms. They had free access to commercial laboratory chow and were provided tap water ad libitum.

Either SiNP suspensions (0.5 mg/kg) or saline-only were intraperitoneally injected (150 μL), and 24 hours later various thrombotic and systemic parameters were assessed.

Blood collection and analysis
-----------------------------

Twenty-four hours after the IP administration of either saline or SiNPs, the animals were anesthetized intraperitoneally with sodium pentobarbital (45 mg/kg) and blood was drawn from the inferior vena cava in ethylenediaminetetraacetic acid (4%). A sample was used for platelet counting using an ABX VET ABC hematology analyzer with a mouse card (HORIBA ABX SAS, Montpellier, France). The remaining blood was centrifuged at 4°C for 15 minutes at 900 *g* and the plasma samples were stored at −80°C until further analysis.

Experimental pial venular thrombosis model
------------------------------------------

In a separate experiment, in vivo pial venular thrombogenesis was assessed 24 hours after the IP administration of either SiNPs or saline, according to a previously described technique.[@b19-ijn-9-2779],[@b20-ijn-9-2779] Briefly, the trachea was intubated after induction of anesthesia with urethane (1 mg/g body weight, IP), and a 2F venous catheter (Sims Portex Ltd., Hythe, Kent, UK) was inserted in the right jugular vein for the administration of fluorescein (Sigma-Aldrich Co., St Louis, MO, USA). After that, a craniotomy was first performed on the left side, using a microdrill, and the dura was stripped open. Only untraumatized preparations were used, and those showing trauma to either microvessels or underlying brain tissue were discarded. The animals were then placed on the stage of a fluorescence microscope (Olympus America Inc., Melville, NY, USA) attached to a camera and DVD recorder. A heating mat was placed under the mice and body temperature was raised to 37°C, as monitored by a rectal thermoprobe connected to a temperature reader (Physitemp Instruments Inc., Clifton, NJ, USA). The cranial preparation was moistened continuously with artificial cerebrospinal fluid of the following composition (mM): NaCl 124, KCl 5, NaH~2~PO~4~ 3, CaCl~2~ 2.5, MgSO~4~.4, NaHCO~3~ 23 and glucose 10, pH 7.3--7.4. A field containing venules 15--20 μm in diameter was chosen. Such a field was taped prior to and during the photochemical insult, which was carried out by injecting fluorescein (0.1 mL/mouse of 5% solution) via the jugular vein, which was allowed to circulate for 30--40 seconds. The cranial preparation was then exposed to stabilized mercury light. The combination produces endothelium injury of the venules. This, in turn, causes platelets to adhere at the site of endothelial damage and then aggregate. Platelets aggregate and the thrombus formation grows in size until complete vascular occlusion. The time from the photochemical injury until full vascular occlusion (time to flow stop) in venules was measured in seconds. At the end of the experiments, the animals were euthanized by an overdose of urethane.

Determination of systemic markers of inflammation, oxidative stress, and fibrinolysis
-------------------------------------------------------------------------------------

The concentrations of plasminogen activator inhibitor-1 (PAI-1) (Molecular Innovations, Novi, MI, USA), fibrinogen (Molecular Innovations), von Willebrand factor (vWF) (Uscn Life Science Inc., Wuhan, People's Republic of China), tumor necrosis factor α (TNFα) (R & D Systems, Minneapolis, MN, USA), interleukin 1β (IL-1β) (R & D Systems), and 8-isoprostane (Cayman Chemical Company, Ann Arbor, MI, USA) were determined using enzyme-linked immunosorbent assay kits. The levels of thiobarbituric acid reactive substances (TBARS), catalase, and glutathione S-transferase (GST) were measured using kits obtained from Cayman Chemical Company. The lactate dehydrogenase (LDH) activity was measured using standard laboratory methods with an LX20 multiple automated analyzer (Beckman Coulter, Inc., Brea, CA, USA).

In vitro measurement of prothrombin time and activated partial thromboplastin time
----------------------------------------------------------------------------------

Following saline or SiNP administration, blood was withdrawn from each mouse, as described above. The prothrombin time (PT) was measured[@b21-ijn-9-2779]--[@b23-ijn-9-2779] on freshly collected, platelet-poor plasma with human relipidated recombinant thromboplastin (RecombiPlasTin; Instrumentation Laboratory, Orangeburg, NY, USA) in combination with a Merlin coagulometer (MC 1 VET; Merlin Medical, Lemgo, Germany)\]. Activated partial thromboplastin time (aPTT) was measured[@b21-ijn-9-2779]--[@b23-ijn-9-2779] with automated aPTT reagent (bioMerieux, Inc., Durham, NC, USA) using a Merlin coagulometer (MC 1 VET; Merlin Medical). Normal plasma used as reference for both the PT and aPTT was prepared by pooling equal portions of platelet-poor plasmas from the blood of six untreated mice.

Platelet aggregation in mouse whole blood in vitro
--------------------------------------------------

The platelet aggregation assay in whole blood was performed, with slight modification, as described before.[@b24-ijn-9-2779] After anesthesia, blood from untreated mice was withdrawn from the inferior vena cava and placed in citrate (3.2%), and 100 μL aliquots were added to the well of a Merlin coagulometer (MC 1 VET; Merlin Medical). The blood samples were incubated at 37.2°C with either saline (control) or SiNPs (0.2--5 μg/mL) for 3 minutes, and then stirred for another 3 minutes. At the end of this period, 25 μL samples were removed and fixed on ice in 225 mL CellFIX™ (BD Biosciences, San Jose, CA, USA). After fixation, single platelets were counted in a VET ABX Micros with mouse card (HORIBA ABX SAS). The degree of platelet aggregation following SiNP exposure was expressed as a percentage of control (saline-treated blood).

HUVEC cellular viability
------------------------

HUVEC (EMD Millipore, Billerica, MA, USA) were maintained in an EndoGRO™ -MV-VEGF Complete Media Kit (EMD Millipore). Cells were seeded at a density of 5,000 cells/well into 96-well plates. After 24 hours, cells were treated for a further 24 hours with different concentrations of SiNPs (0.1--100 μg/mL) in triplicate. Control cultures were treated with saline. The effect of SiNPs on cell viability was determined using a CellTiter-Glo^®^ Luminescent Cell Viability Assay (Promega Corporation, Fitchburg, WI, USA), based on quantification of adenosine triphosphate, which signals the presence of metabolically active cells. The luminescent signal was measured using the GloMax^®^ Luminometer system (Promega Corporation). Data were presented as proportional viability (%) by comparing the treated group with the untreated cells, the viability of which is assumed to be 100%.

In vitro effects of SiNPs on the relaxation of isolated small mesenteric artery induced by acetylcholine in vitro
-----------------------------------------------------------------------------------------------------------------

Male 5-month-old Wistar Kyoto rats were killed with an overdose of a mixture of the anesthetics ketamine (140 mg/kg intramuscularly) and xylazine (40 mg/kg intramuscularly). Isolated third branches of mesenteric arteries were mounted on a wire myograph (Danish Myo Technology, Aarhus, Denmark) to measure isometric tension. Arteries were superfused with warm (37°C) physiological saline solution of the following composition (mM): 119 NaCl, 4.7 KCl, 1.18 KH~2~PO~4~, 1.17 MgSO~4~, 25 NaHCO~3~, 5.5 glucose, and 1.6 CaCl~2~, pH 7.4, adjusted with NaOH. After the normalization procedure, arteries were left to equilibrate for 1 hour at 37°C before subsequent evaluation. Prior to each experiment the integrity of the endothelium was confirmed by contracting arteries with 4 μm phenylephrine followed by 1 μm endothelium-dependent vasodilator acetylcholine (Ach). Vessels that failed to produce at least 80% relaxations were eliminated.

To evaluate the effect of SiNPs on endothelium-dependent relaxation, arteries were contracted with 4 μm phenylephrine and then relaxed with Ach in a dose-response manner (0.1 nm--10 μm) in the absence of and after incubation with SiNPs (2 μg/mL, 10 μg/mL, and 50 μg/mL).

Statistics
----------

Data were expressed as means ± standard error of mean, and were analyzed with GraphPad Prism version 4.01 for Windows software (GraphPad Software Inc., La Jolla, CA, USA). Comparisons between the groups were performed by analysis of variance, followed by Bonferroni multiple-range tests. *P*-values \<0.05 are considered significant.

Results
=======

Effect of SiNPs on photochemically induced thrombosis in pial venules
---------------------------------------------------------------------

[Figure 1](#f1-ijn-9-2779){ref-type="fig"} shows that SiNP administration caused a significant shortening of the thrombotic occlusion time in pial venules of mice with 50 nm (−24%, *P*\<0.01) and 500 nm (−20%, *P*\<0.05) particles compared with the control group.

Effect of SiNPs on circulating platelet numbers, PAI-1, fibrinogen, and vWF concentrations in plasma
----------------------------------------------------------------------------------------------------

[Figure 2A](#f2-ijn-9-2779){ref-type="fig"} illustrates that exposure to 50 nm SiNPs causes a significant decrease in circulating platelets compared with the control group. This effect is also significantly reduced compared with the 500 nm SiNPs.

The plasma concentration of PAI-1, an endogenous factor of fibrinolysis, was significantly increased following SiNP administration of both 50 nm and 500 nm nanoparticles compared with the control group ([Figure 2B](#f2-ijn-9-2779){ref-type="fig"}).

The concentration of fibrinogen, an acute-phase protein that increases in blood viscosity and promotes thrombus formation, was significantly increased after the administration of 50 nm SiNPs compared with the control group ([Figure 2C](#f2-ijn-9-2779){ref-type="fig"}). This effect is significantly higher compared with the 500 nm SiNP group ([Figure 2C](#f2-ijn-9-2779){ref-type="fig"}).

Compared with the control group and the 500 nm SiNP group, the administration of 50 nm SiNPs caused a significant increase in plasma vWF, known as a factor of the coagulation process and a marker of endothelial perturbation ([Figure 2D](#f2-ijn-9-2779){ref-type="fig"}).

Effect of SiNPs on PT and aPTT
------------------------------

The PT in mice exposed to either 50 nm (13.57±1.51 seconds) or 500 nm (14.43±1.82 seconds) particles did not significantly vary in comparison with the value obtained for the control group (13.59±1.50 seconds). Similarly, neither 50 nm (33.69±7.67 seconds) nor 500 nm (30.34±2.78 seconds) SiNP administration significantly affected the aPTT compared with the control group (36.60±8.83 seconds).

In vitro effect of SiNPs on platelet aggregation in whole blood in vitro
------------------------------------------------------------------------

Low concentrations of 50 nm and 500 nm SiNPs (0.2--5 μg/mL blood) caused platelet aggregation in a dose-dependent manner. Concentration-dependent and significant effects were seen on platelet aggregation following the addition of various concentrations of 500 nm SiNPs. After the addition of different concentrations of 50 nm SiNPs, clear dose-dependent and significant effects of SiNPs on platelet aggregation were observed. Moreover, the effects observed in the 50 nm SiNP-treated group were statistically significant compared with the same concentration in the 500 nm-treated SiNP group ([Figure 3](#f3-ijn-9-2779){ref-type="fig"}).

Effect of SiNPs on plasma LDH activity
--------------------------------------

[Figure 4](#f4-ijn-9-2779){ref-type="fig"} illustrates the effect of SiNPs on LDH activity, a marker of cytotoxicity, in plasma. Both 50 nm and 500 nm SiNP administration induced a significant increase in LDH activity compared with the control group.

Effect of SiNPs on plasma concentrations of TNFα and IL-1β
----------------------------------------------------------

[Figure 5](#f5-ijn-9-2779){ref-type="fig"} shows the effect of SiNPs on TNFα and IL-1β, both markers of inflammation. The concentration of TNFα in plasma was significantly increased after the administration of 50 nm SiNPs compared with the control group ([Figure 5A](#f5-ijn-9-2779){ref-type="fig"}); administration of 500 nm SiNPs had no significant effect ([Figure 5A](#f5-ijn-9-2779){ref-type="fig"}).

[Figure 5B](#f5-ijn-9-2779){ref-type="fig"} shows that administration of both 50 nm and 500 nm SiNPs caused a significant increase in plasma IL-1β compared with the control group ([Figure 5B](#f5-ijn-9-2779){ref-type="fig"}). The effect observed with 500 nm SiNPs was higher than that seen with 50 nm SiNPs.

Effect of SiNPs on plasma levels of 8-isoprostane, TBARS, catalase, and GST
---------------------------------------------------------------------------

[Figure 6](#f6-ijn-9-2779){ref-type="fig"} illustrates the effects of SiNPs on markers of oxidative stress, including the levels of 8-isoprostane ([Figure 6A](#f6-ijn-9-2779){ref-type="fig"}), TBARS ([Figure 6B](#f6-ijn-9-2779){ref-type="fig"}), catalase ([Figure 6C](#f6-ijn-9-2779){ref-type="fig"}), and GST ([Figure 6D](#f6-ijn-9-2779){ref-type="fig"}). None of the markers measured was affected by the administration of either 50 nm or 500 nm SiNPs.

Effect of SiNPs on cellular viability
-------------------------------------

As shown in [Figure 7](#f7-ijn-9-2779){ref-type="fig"}, administration of 50 nm and 500 nm SiNPs (0.1--100 μg/mL) caused a concentration-dependent decrease in cellular viability of HUVEC cells over 24 hours; 50 nm SiNPs showed more potency than the 500 nm SiNPs.

In vitro effect of SiNPs on the relaxation of isolated small mesenteric artery induced by Ach
---------------------------------------------------------------------------------------------

[Figure 8](#f8-ijn-9-2779){ref-type="fig"} illustrates the effect of SiNPs (2 μg/mL, 10 μg/mL, and 50 μg/mL) on Ach-induced mesenteric artery relaxations (0.1 nm--10 μm). A significant effect was observed only at the concentration of 50 μg/mL, where both 50 nm and 500 nm SiNPs caused a significant reduction in the relaxation of the rat small mesenteric arteries from 93.4%±1.4% to 62.0%±12.0% (50 nm; [Figure 8A](#f8-ijn-9-2779){ref-type="fig"}) and 93%±2.7% to 64%±6.5% (500 nm; [Figure 8B](#f8-ijn-9-2779){ref-type="fig"}) at the 0.1 μm Ach concentration.

Discussion
==========

In the present study, we wanted to investigate whether and to what extent SiNPs cause vascular alteration, systemic inflammation, and oxidative stress at 24 hours post exposure. To this end, we used IP administration, because we wanted to mimic the effect of injected nanoparticles as it may occur with medical applications.[@b1-ijn-9-2779],[@b3-ijn-9-2779] Moreover, it has been demonstrated that inhaled particles translocate from the lungs into the systemic circulation.[@b5-ijn-9-2779]--[@b8-ijn-9-2779] The in vivo exposure dose used in the present study reflected IP doses used in previous studies of nanoparticles.[@b25-ijn-9-2779],[@b26-ijn-9-2779] Moreover, it represents about 10% of the dose of nanoparticles intratracheally instilled in experimental animals.[@b27-ijn-9-2779]--[@b30-ijn-9-2779]

In the present study, we have assessed the effect of SiNPs on coagulation events by measuring a set of relevant indices: ie, thrombosis assessment in pial venules in vivo; platelet numbers and aggregation in vitro; and measurement of circulating fibrinogen, PAI-1, and soluble vWF. It has been recently demonstrated that in vitro exposure of human platelets to amorphous SiNPs causes platelet aggregation and high nitroxidative/oxidative stress.[@b15-ijn-9-2779] However, as far as we are aware, no study has reported the possible in vivo thrombotic effects of amorphous SiNPs. Our data show that IP administration of SiNPs causes prothrombotic events in pial venules. Our findings corroborate recent studies that reported that exposure to either polystyrene nanoparticles[@b31-ijn-9-2779] or diesel exhaust particles (DEP) induces thrombosis.[@b19-ijn-9-2779],[@b30-ijn-9-2779],[@b32-ijn-9-2779] Along with the prothrombotic effect of SiNPs, we found a significant decrease in platelet numbers in 50 nm SiNP-exposed mice; this is indicative of platelet activation in vivo. A decrease in platelet numbers following exposure to particles has been previously reported from experimental and clinical studies.[@b19-ijn-9-2779],[@b33-ijn-9-2779]

We found a significant increase of circulating PAI-1 following the administration of 50 nm and 500 nm SiNPs. PAI-1 is the most potent endogenous inhibitor of fibrinolysis and is involved in the pathogenesis of several cardiovascular diseases.[@b34-ijn-9-2779],[@b35-ijn-9-2779] An increase of PAI-1 has been observed following exposure to either DEP[@b36-ijn-9-2779] or carbon nanotubes.[@b37-ijn-9-2779] In conjunction with the fibrinolytic factor PAI-1, in the present study we measured the coagulation factor fibrinogen and found a significant increase following exposure to 50 nm SiNPs. Our data suggest an impairment of the fibrinolytic system and activation of blood coagulation following SiNP exposure. We also found an increase in vWF in mice treated with 50 nm SiNPs. vWF reflects endothelial cell release and vascular reactivity. Moreover, vWF can mediate platelet adhesion to damaged endothelium, which could explain, at least partly, the observed in vivo prothrombotic effects of SiNPs. Elevated levels of vWF were observed in association with increased concentrations of particulate matter in patients with coronary heart disease[@b38-ijn-9-2779] and mice exposed to nanoparticles.[@b39-ijn-9-2779]

Because the thrombosis measured in vivo in our model depends mainly on the intensity of the vascular lesion and subsequent platelet recruitment and aggregation, we aimed at assessing the direct effect of SiNPs on platelet aggregation in whole blood in vitro. Our observations confirmed the occurrence of platelet aggregation following the addition of SiNPs. Interestingly, the effects observed with all the tested concentrations of SiNPs (0.2--5 μg/mL) were significantly more pronounced with 50 nm compared with 500 nm SiNPs, suggesting a size effect of the nanoparticles. Transmission electron microscopy study showed that SiNPs interacted with the platelet surface membrane, then internalized and distributed within the platelet cytoplasm in vitro.[@b15-ijn-9-2779] A dose-dependent cytotoxicity of SiNPs (16--335 nm) in a human endothelial cell line has been reported.[@b9-ijn-9-2779] The toxicity of the particles was strongly related to their size. Indeed, smaller particles showed significantly higher toxicity and also affected the exposed cells faster.[@b9-ijn-9-2779] Therefore, the particle sizes of SiNPs are affecting their biological effects.

The present data show that SiNP exposure causes a significant increase in plasma LDH activity. This increase is suggestive of cytolysis, and has been described following exposure to nanoparticles in vivo[@b27-ijn-9-2779] and in vitro.[@b40-ijn-9-2779]

We have recently reported the occurrence of oxidative stress in the DEP-induced acute thrombotic tendency in pial venules and activation of circulating blood platelets in mice.[@b19-ijn-9-2779] Moreover, we showed that pretreatment with the antioxidant cysteine prodrug L-2-oxothiazolidine-4-carboxylic acid prevented DEP-induced oxidative stress and the resulting thrombotic complications.[@b19-ijn-9-2779] To assess further the mechanism underlying the thrombotic effects of SiNPs, we have measured various markers of oxidative stress including 8-isoprostane, TBARS, catalase, and GST. Our data show that SiNP administration did not affect any of the oxidative stress markers that we measured. This finding was unexpected in view of the fact that we previously reported the contribution of oxidative stress in the effects of DEP[@b19-ijn-9-2779] or TiO~2~ nanoparticulates.[@b27-ijn-9-2779] Moreover, recent studies reported the occurrence of oxidative stress following repeated intratracheal instillation of SiNPs (2--10 mg/kg)[@b17-ijn-9-2779] and in vitro in human endothelial cells.[@b41-ijn-9-2779] The lack of effect of SiNPs on markers of oxidative stress at the studied time point (24 hours) does not, however, exclude the possible occurrence of oxidative stress at an earlier time point.[@b20-ijn-9-2779] Additional studies are required to clarify this point.

On the other hand, the measurement of proinflammatory cytokine showed a significant increase of TNFα after the administration of 50 nm SiNPs and IL-1β following the exposure to both 50 nm and 500 nm SiNPs. This finding confirms the occurrence of systemic inflammation, which can explain the thrombotic effects of SiNPs.[@b4-ijn-9-2779],[@b42-ijn-9-2779] In vitro release of IL-1β and TNFα has been reported following exposure to amorphous SiNPs.[@b43-ijn-9-2779],[@b44-ijn-9-2779]

To gain more insight into the effect of SiNPs on vascular homeostasis, we tested the direct effects of SiNPs on HUVEC cells and endothelium-dependent relaxation in the small mesenteric arteries of rats. Our data show a reduced cellular viability, in a concentration-dependent manner, 24 hours following the exposure to SiNPs. A significant decrease in cellular viability was observed at concentrations of 50 μg/mL and 100 μg/mL for both 50 nm and 500 nm SiNPs. However, a more marked effect was observed with 50 nm than 500 nm SiNPs. It has been recently demonstrated that amorphous SiNPs penetrate the plasma membrane of endothelial cells and cause cytotoxicity, and that this effect was inversely proportional to nanoparticle size.[@b14-ijn-9-2779] We also tested the effects of SiNPs on endothelium-dependent relaxation of arteries induced by Ach, and found that both sizes of nanoparticles at 50 μg/mL reduced Ach-induced relaxations of mesenteric arteries in vitro. Epidemiological evidence has linked impaired endothelium-dependent vascular reactivity with cardiovascular diseases,[@b45-ijn-9-2779] and a close relationship has been reported between cardiovascular risk increase and impairment of endothelial function and vascular activity related to particulate air pollution.[@b46-ijn-9-2779] It has been shown that TiO~2~ nanoparticle exposure significantly impairs endothelium-dependent vasodilation in the subepicardial arterioles of rats.[@b47-ijn-9-2779]

In summary, we showed that 24 hours after their administration, amorphous SiNPs cause prothrombotic effects in vivo and in vitro, and increases in plasma concentrations of fibrinogen, PAI-1, vWF, and proinflammatory cytokines, including TNFα and IL-1β. Markers of oxidative stress comprising 8-isoprostane, TBARS, catalase, and GST were not affected by SiNPs. Moreover, we showed that SiNPs induce HUVEC cytotoxicity and reduce endothelium-dependent relaxation of small mesenteric arteries in vitro. Overall, the observed adverse effects were size-dependent since more marked effects were recorded with the 50 nm in comparison with the 500 nm SiNPs.[@b4-ijn-9-2779] This can be ascribed to the high surface-area-to-volume ratio, which decreases in the opposite direction to size; this favors biological interactions and, consequently, causes more vascular and systemic toxicity. Our findings provide plausible elucidation that SiNPs are injurious to vascular homeostasis.
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![Thrombotic occlusion time in pial venules 24 hours after the administration of either 50 nm or 500 nm amorphous silica nanoparticles (0.5 mg/kg) in mice.\
**Notes:** \**P*\<0.01 compared with the corresponding saline-treated group. Data are mean ± standard error of mean (n=8).\
**Abbreviations:** s, seconds; SiNP, silica nanoparticle.](ijn-9-2779Fig1){#f1-ijn-9-2779}

![Results 24 hours after the administration of either 50 nm or 500 nm amorphous silica nanoparticles (0.5 mg/kg) in mice.\
**Notes:** Platelet numbers (**A**) and plasminogen activator inhibitor-1 (**B**), fibrinogen (**C**), and von Willebrand factor (**D**) concentrations in plasma, 24 hours after the administration of either 50 nm or 500 nm amorphous silica nanoparticles (0.5 mg/kg) in mice. \**P*\<0.05, \*\**P*\<0.005, and \*\*\**P*\<0.0001 compared with the corresponding saline-treated group. ^Δ^*P*\<0.05 and ^ΔΔ^*P*\<0.0001 compared with the 500 nm silica nanoparticle-treated group. Data are mean ± standard error of mean (n=6--8).\
**Abbreviations:** SiNP, silica nanoparticle; PAI-1, plasminogen activator inhibitor-1; vWF, von Willebrand factor.](ijn-9-2779Fig2){#f2-ijn-9-2779}

![Direct in vitro effect after the administration of either 50 nm or 500 nm amorphous silica nanoparticles (SiNPs) on platelet aggregation in whole blood of untreated mice.\
**Notes:** Platelet aggregation in untreated whole blood 3 minutes after the addition of either saline or 50 nm or 500 nm SiNPs (0.2--5 μg/mL) was assessed. The degree of platelet aggregation following SiNP exposure was expressed in percent of control (saline-treated blood). Data are mean ± standard error of mean (n=5--6). \**P*\<0.05 and \*\**P*\<0.001 compared with saline-treated blood within the same group. ^Δ^*P*\<0.001 between 50 nm and 500 nm groups for the same given SiNP concentration.](ijn-9-2779Fig3){#f3-ijn-9-2779}

![Lactate dehydrogenase activity in plasma 24 hours after the administration of either 50 nm or 500 nm amorphous silica nanoparticles (0.5 mg/kg) in mice.\
**Notes: \****P*\<0.05 compared with the corresponding saline-treated group. Data are mean ± standard error of mean (n=6--7).\
**Abbreviations:** LDH, lactate dehydrogenase; SiNP, silica nanoparticle.](ijn-9-2779Fig4){#f4-ijn-9-2779}

![Effect of amorphous silica nanoparticles on plasma concentrations of proinflammatory cytokines.\
**Notes:** Tumor necrosis factor α (**A**) and interleukin 1β (**B**) in plasma, 24 hours after the administration of either 50 nm or 500 nm amorphous silica nanoparticles (0.5 mg/kg) in mice. \**P*\<0.05 and \*\**P*\<0.001 compared with the corresponding saline-treated group. ^Δ^*P*\<0.05 and ^ΔΔ^*P*\<0.0001 between 50 nm and 500 nm silica nanoparticle-treated groups. Data are mean ± standard error of mean (n=6--8).\
**Abbreviations:** TNFα, tumor necrosis factor α; SiNP, silica nanoparticle; IL-1β, interleukin 1β.](ijn-9-2779Fig5){#f5-ijn-9-2779}

![Effect of amorphous silica nanoparticles markers of oxidative stress in plasma.\
**Notes:** 8-isoprostane (**A**) thiobarbituric acid reactive substances (**B**) catalase (**C**) and glutathione S-transferase (**D**) levels in plasma, 24 hours after the administration of either 50 nm or 500 nm amorphous silica nanoparticles (0.5 mg/kg) in mice. Data are mean ± standard error of mean (n=7--8).\
**Abbreviations:** SiNP, silica nanoparticles; TBARS, thiobarbituric acid reactive substances; GST, glutathione S-transferase; min, minute.](ijn-9-2779Fig6){#f6-ijn-9-2779}

![Inhibition of cellular viability by amorphous silica nanoparticles.\
**Notes:** Inhibition of cellular viability by 50 nm (**A**) and 500 nm (**B**) amorphous silica nanoparticles. Exponentially growing human umbilical vein endothelial cells were treated with either saline or various concentrations (0.1--100 μg/mL) of 50 nm or 500 nm silica nanoparticles. Viable cells were assayed as described in materials and methods. All experiments were repeated three times. Data are mean ± standard error of mean. \**P*\<0.001 compared with the corresponding control-treated group.\
**Abbreviations:** HUVEC, human umbilical vein endothelial cells; SiNP, silica nanoparticle.](ijn-9-2779Fig7){#f7-ijn-9-2779}

![Relaxation of small mesenteric arteries of rats.\
**Notes:** Relaxation of small mesenteric arteries of rats caused by 0.1 μm acetylcholine after incubation with either saline (control) or various concentrations (2--50 μg/mL) of either 50 nm (**A**) or 500 nm (**B**) amorphous silica nanoparticles. Data are mean ± standard error of mean of % change (n=4). \**P*\<0.05 compared with the corresponding saline-treated group.\
**Abbreviations:** Ach, acetylcholine; SiNP, silica nanoparticle.](ijn-9-2779Fig8){#f8-ijn-9-2779}
